INTRODUCTION
Stable, uniform, and reproducible contacts are essential for a successful device performance. Aluminum, commonly used in VLSI technology for contacts and interconnections, is highly reactive with silicon as well as with silicides. Because of the electromigration problems of aluminum-based interconnection lines, metals other than Al are being evaluated for VLSI applications. Copper has a lower electrical resistivity and a higher resistance to electromigration than Al. On the other hand, Cu is known to be very mobile in metals and semiconductors even at quite modest temperatures, so that very effective diffusion barriers are necessary to prevent Cu diffusion and intermixing into silicon. '" Because amorphous alloys lack grain boundaries that can act as fast diffusion paths, they may offer attractive alternatives to polycrystalline thin films as diffusion barriers, especially for copper.4-9 We report on properties of Ta, amorphous Ta7$iZ6 and amorphous Ta3,$ir4N5c alloy thin films and compare them as diffusion barriers between Cu and Si. Rutherford backscattering spectrometry, x-ray diffraction and cross-sectional transmission electron microscopy are used to evaluate the barrier performance in combination with electrical measurements on planar diodes with shallow IZ +p junctions. The last method is the most sensitive and relevant test to evaluate the effectiveness of barriers.
EXPERIMENTAL PROCEDURES
Substrates of ( 111) oriented 5 a cm n-type silicon were used throughout this experiment to deposit the unpatterned samples for all tests other than for electrical evaluations. The substrates for i( V) measurements were ( 100) Si wafers with As + implanted shallow junction n +p diodes. The junction depth is 300 nm, the As surface concentration is approximately 1021 cm -3, and the contact area is large (about 230 X 230 ,um2). The contact metallizations were formed by blanket depositions and delineated by lift-off. Prior to loading into the deposition chamber, the silicon wafers were etched with diluted HF.
All depositions were performed in an rf sputtering system. A base pressure of 3 X 10 -7 Torr was achieved using a cryopump and a cryogenic baffle. A magnetron-type circular cathode, 7.5 cm in diameter, was used as the sputtering source. The substrate holder was placed about 7 cm below the target and was neither cooled nor heated externally. Tantalum and Ta74Si26 films were deposited in Ar using Ta and TasSi3 targets, respectively. The Ta3&&N5,, film was deposited by reactive sputtering of the same TasSi3 target in an Ar/N2 gas mixture. The flow ratios of Ar to Nz and the total gas pressure were adjusted by mass flow controllers and monitored with a capacitive manometer in a feedback loop. All tantalum, tantalum silicide, and Ta3&Gr4NS0 films were sputtered with 10 mTorr total gas pressure and 300 W forward sputtering power. In some cases, a TiSi2 contacting layer was deposited by sputtering from a TiSiz target prior to the Ta3$it4N5c deposition. The metallizations were completed without breaking the vacuum by adding a 500~nm-thick (or 250-300~nm-thick) copper layer over the tantalum-based films sputtered from a copper target in pure Ar with 5 mTorr total gas pressure, a forward sputtering power of 300 W, and a substrate bias of -50 V. After patterning by lift-off, if applicable, the samples were annealed in a vacuum furnace at pressure of about 5 X 10 -7 Torr and temperatures ranging from 500 to 950 "C. All annealings lasted 30 min. The stability of the metallizations were determined by 2 MeV 4He backscattering spectrometry, x-ray diffraction, cross-sectional transmission electron microscopy, scanning electron microscopy and I(V) measurements of the n +p shallow junction diodes.
RESULTS AND DISCUSSION
The (Si)/Cu system is very unstable. The shallow junction diodes with (Si)/Cu metallization are shorted already after annealing at 300 "C (Fig. 1) . This failure is induced by a very deep, laterally nonuniform penetration of copper into the silicon accompanied by the formation of the Cu3Si and CuO phase. The surface morphology is very rough after annealing as can be seen in Fig. 2 . Figure 3 shows the backscattering spectra of a (Si)/ Ta(180 nm)/Cu(260 nm) sample as-deposited and annealed at 600 and 650 "C. The tantalum film contains about 3 at. % argon and below 3 at. % oxygen as determined by backscattering spectrometry on films deposited on carbon, After annealing at 600 "C the low-energy edge of tantalum signal indicates a slight interaction between tantalum and silicon. After annealing at 650 "C, a small amount of tantalum is present on the surface of the sample and a clear step in the Si signal appears. This observed evolution of the spectrum can be explained by a TaSi2 formation, which is confirmed by x-ray diffraction results. In addition to TaS&, a Cu3Si phase was also detected by x-ray diffraction. According to the scanning electron microscopy study, the Si/Cu 550 "C annealing does not induce changes in the sample morphology, the surface looks smooth and free of defects. The electrical tests on shallow junction diodes with (Si)/Ta( 180 nm>/Cu( 500 nm) metallization shows that the failure of the metallization takes place at significantly lower temperatures than observed by backscattering spectrometry or scanning electron microscopy (Fig. 4) . After annealing at 500 "C the reverse leakage current of the diodes increases significantly from 0.2 to 8 nA at -1 V. Diodes annealed at 550 "C! are shorted. Our backscattering spectrometry results are in good agreement with backscattering studies by Holloway et aI.,"*" which claim that Ta prevents Cu-Si interaction up to 600 "C!. The results presented here clearly indicate that the electrical test on shallow junctions is far more sensitive than backscattering spectrometry and should always be included to properly evaluate diffusion barriers for metal/semiconductor contact applications. Although Ta and Cu do not form compounds, enough copper diffuses through gram boundaries and defects in the tantalum layer into silicon substrate to cause the failure of the shallow junction diodes before being detected by backscattering spectrometry. This result agrees with the general statement that elemental metals are not good diffusion barriers.3 Rather, their effectiveness is directly related to the level of impurities, like oxygen or nitrogen, they contain.
To look for improvements, one material that readily comes to mind is tantalum silicide. This material offers an advantage over pure Ta in that it can be deposited in an amorphous phase and, additionally, is thermodynamically stable with Si.
The composition of tantalum silicide used in this study is Ta,$i26. This film is amorphous with a crystallization temperature of about 850 "C. The resistivity of a 120 nm Ta,&, fihn is 265 ~0 cm. The impurity level is about 3 at. % of argon and 5 at. % of oxygen. Figure 5 shows the backscattering spectra of the (Si)/Ta74Si26( 100 nm)/ Cu( 360 nm) sample before and after annealing at 600 and 650 "C. Within the resolution of backscattering spectrometry, the structure does not change during annealing at 600 "C. The spectrum collected after annealing at 650 "C indicates that the sample is laterally nonuniform, with tantalum present on the surface. Electrical tests of the Ta$& diffusion barrier on shallow junction diodes with the (Si)/Ta7$i26( 100 nm)/Cu(SOO nm) metallization agree well with the backscattering data (Fig. 6) . The reverse leakage current of the diodes remains almost unchanged after annealing at 600 "C! and diodes are shorted after annealing at 650 "C. No new phases were detected in the annealed samples by x-ray diffraction, in accordance with another study that finds that Cu and tantalum silicide form a thermodynamically stable system and do not react with each other.12 The failure mechanism of the Si/a- Ta,$i,dCu system is a subject of current study.
The stability of the Si/Cu metallization can be further improved by using an amorphous Ta36Si14N50 thin-film diffusion barrier. An alloy of this particular atomic composition was chosen because of its superior barrier performance between aluminum and silicon. '3 The elm contains about 3 at. % argon and below 3 at. % oxygen, as measured by backscattering spectrometry with samples deposited on carbon. The resistivity of the as-deposited Ta3,$i14NS0 film is about 625 @J cm. The structure of the as-deposited film is amorphous by both x-ray and electron diffraction. On a sapphire substrate, Ta3sSi14Nfi0 crystallizes after 2 h annealing in vacuum at 1100 "C. The crystallization product is a mixture of hexagonal Ta2N, tetragonal TasSi3 and hexagonal Ta3 (Tac2sSia,2). Such a high crystallization temperature of the Ta3&i14Ns0 is expected, based on the idea that the crystallization temperature is higher for the transition metal-metalloid alloys when transition metal has high outer electron concentration (e.g., W or Ta) .14 The I(V) characteristics of shallow junction diodes with the (Si)/Ta3&i14NSO( 120 nm)/Cu( 500 nm) were measured before and after annealings (Fig. 7) . After a 900 "C annealing the reverse leakage current of some of the diodes at -1 V increases from 0.4 to about 5 nA. The diodes annealed at 950 "C are shorted. The backscattering spectrum of the (Si)/Ta36Si14N50( 1.20 nm)/Cu(280 nm) sample annealed at 900 "C is the same as the spectrum of the as-deposited sample. The spectrum of the sample annealed at 950 "C! indicates interactions between the layers.
To understand the behavior of the (Si)/Ta3&i14NSc/Cu sample during heat treatment, crosssection transmission electron microscopy was used to investigate the reactions between the layers. Figure 8 shows the cross-sectional micrographs of (Si)/Ta36Si14N50( 150 nm)/Cu samples as-deposited and after annealing at 850, to form at the Cu and Ta3&fiS0 interface. The average thickness of this layer is about 20 nm and has some slight lateral nonuniformity. After annealing at 950 "C, a laterally uniform layer remains of the amorphous diffusion barrier that is only about 50 nm thick, (l/3 of the initial thickness). The thickness of the new polycrystalline layer has increased to 100 nm. Electron diffraction data of the asdeposited (Si)/Ta36Si14NSe/Cu planar sample show Cu rings and one diffuse ring associated with the amorphous Ta36Si14NS0 layer. After annealing at 950 "C that ring and those of Cu are still present but additional lines corresponding to the TasSi3 phase show up. It appears that in contact with polycrystalline copper layer, the crystallization temperature of amorphous Ta36Si14N50 drops from 1100 "C, the crystallization temperature of the layer deposited on sapphire, to 900 "C. That the interface with a polycrystalline layer can induce the accelerated crystallization of an amorphous alloy is well known. '5-'9 The accelerated crystallization of the Ta36Si14N50 alloy in contact with a Cu layer can be explained in various ways. ( 1) The outdiffusion of Si from the Ta&i4Nso lihn into the Cu layer significantly lowers the crystallization temperature by depleting the alloy of Si. The solubility of Si in Cu is about 5% at 850 "C. We did not detect Cu-Si compounds by x-ray or electron diffraction, but it is possible that their quantity is below the detection limit of the methods. (2) The diffusion of Cu into the amorphous Ta&ir4NS0 alloy that forms a quarternary amorphous phase with a lowered crystallization temperature is also conceiveable, but less likely than diffusion of Si into Cu because the diffusivity of Cu in the Ta36Si14N50 is expected to be very low. (3) The interface with the polycrystalline Cu provides sites with a lowered nucleation barrier for the amorphous Ta3&i14N90; the crystallization process then propagates uniformly through the amorphous layer.
The preceeding results show that the failure of the Si/Ta36Si14N50/Cu metallization can be explained in terms of a laterally uniform decay of the Ta3aSi,4NSo film associated with its accelerated crystallization. Once fully crystallized, the rapid diffusion of copper into silicon substrate through the grain boundaries presumably takes over and destroys the junction. The Ta36Si14NS0 apparently functions as a sacrificial barrier between Si and Cu. It should thus be possible to increase the time to failure or the failure temperature of the metallization by increasing the thickness of the barrier.
In a practical application, a contacting layer should be added to the (Si)/T.a36Si14N50/Cu metallization. Since TiSi2 is used in industry, we tested the stability of a (Si)/TiSi2(30 nm)/Ta36Si14N50(80 nm)/Cu(SOO nm) metallization deposited on the shallow junction diodes. Figure 9 shows the I( V) characteristics of the diodes before and after annealing at 900 or 950 "C. The reverse current does not change after annealing at 900 "C, and increases about six fold after annealing at 950 "C!. The failure temperature of the (Si)/TiSi&u system is about 300 'C!." 
CONCLUSIONS
The results presented here convincingly show that an amorphous Ta3&&NSc film is a very effective diffusion barrier between copper and silicon. The effectiveness of this barrier seems to be attributable to the facts that the Ta3&i4NS0 alloy is amorphous, and is chemically inert with copper. As an amorphous alloy, Ta36Si14NS0 lacks grain boundaries that can act as fast diffusion paths. It is likely that bulk diffusivity of Cu in this alloy is very low. 41~0, copper does not react with tantalum and nitrogen, which make up 86% of the barrier's elements and minimizes the driving force for chemical reactions.
